Chalcogenide materials have been more than a shining success as phase-change materials in rewritable optical recording known from the compact disk, digital versatile disk, and Blu-ray disk formats.
1-5 Currently, they are also under intense investigation for application in a nonvolatile phase-change random access memory. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Apart from the amorphous-crystalline phase change, certain compositions of chalcogenide materials show another resistance switching mechanism which is activated by the polarity ͑directionality͒ of the applied electric field. [16] [17] [18] [19] [20] [21] [22] [23] [24] Although, the exact physical mechanism underlying this polarity-dependent resistance ͑PDR͒ switching is still under strong debate, it is commonly attributed to the solid-state electrolytic character and high ionic conductivities of these materials. 25 Recently, we demonstrated that in a single material, derived from the GeSbTe ͑GST͒ ternary alloy system, both switching mechanisms ͑phase-change and PDR͒ were possible. 26, 27 Although GST has been a prototype material system for phase-change memory applications, PDR switching in GST-based materials was only recently discovered. 26, 27 The material under study consisted of Ge 2 Sb 2+x Te 5 , thus having excess Sb with respect to the stoichiometric composition Ge 2 Sb 2 Te 5 . Despite the lack of direct evidence, PDR switching was attributed to the formation and rupture of Sb filaments ͑bridges͒ upon alternating the direction of the applied voltage/current. In order to confirm this mechanism, it has to be shown that the excess Sb present in Ge 2 Sb 2+x Te 5 plays a crucial role. For this purpose, we compare the switching properties of stoichiometric Ge 2 Sb 2 Te 5 films with those of Sb-excess Ge 2 Sb 2+x Te 5 films.
The specimens investigated consist of GST͑40 nm͒/ Mo͑100 nm͒ films deposited in a single run without breaking the vacuum by dc magnetron sputtering on silicon substrates. The GST layer is either stoichiometric Ge 2 Sb 2 Te 5 or Sbexcess Ge 2 Sb 2+x Te 5 ͑0.25Ͻ x Ͻ 0.3͒. Figure 1͑a͒ shows schematically the structure of the capacitorlike memory cells with top electrodes of Ag with size ϳ1 mm 2 or Al of size ϳ0.003 mm 2 . Al top-electrode pads were fabricated by sputtering with shadow mask. A thin gold wire was then ultraa͒ Electronic mail: b.j.kooi@rug.nl. sonically soldered with the pads. In the case of fabricating Ag top-electrodes, thin Au wires were bonded with Agepoxy conductive adhesive onto the phase-change layer. Furthermore, prior to PDR switching the volume of GST film underneath the top-electrode was electrically crystallized by Joule heating due to electron conduction across the film. As a result, the initial ͑virgin͒ resistance of the cell is considerably reduced to lower values. After the initial crystallization, PDR switching characteristics were investigated via I-V measurements using a Keithley 2601 sourcemeter with a voltage sweep rate of ϳ0.8 V / s. Voltage pulses of amplitudes above a certain threshold voltage ͑V th ͒ with positive and negative polarity were used to switch the cell resistance between low and high levels, respectively. Positive means the top electrode acts as anode and bottom electrode as cathode. In pulse-mode operation, a pulse generator ͑Stanford Research System Inc., Model DG535͒ capable of producing positive or negative voltage pulses of various amplitudes and widths was used. Before and after the switching, the cell resistance was read with low magnitude voltage pulses ͑0.1 V and 20 ms duration͒ of either polarity.
A typical I-V behavior of a cell with the Sb-excess GST film is shown in Fig. 1͑b͒ with Ag as top electrode. Sweeping the voltage through negative values ͑with respect to the bottom grounded electrode͒, a linear I-V trend is observed up to Ϫ0.4 V, followed by a sudden change in cell resistance which is about 15 times higher than the previous one. The cell remains at this high-resistance state ͑HRS͒ up to Ϫ0.6 V and from Ϫ0.6 to +0.5 V. The HRS exhibits a linear I-V behavior in the voltage range Ϫ0.6 to +0.5 V. For V Ͼ +0.5 V the cell switches back to its low-resistance state ͑LRS͒, where the current can rise to a limit of 30 mA, which is set in order to prevent any permanent electrical breakdown of the cell. The I-V characteristic in Fig. 1͑b͒ exhibits the two metastable resistance states associated with PDR switching and reproduces the states for a number of cycles. Notably, the LRS and HRS were tested to be nonvolatile at room temperatures for a period of several months. In addition, as we proved in Ref. 26 , the HRS during PDR switching is not related to switching to the ͑higher resistance͒ amorphous phase. Both HRS and LRS are associated with the phasechange material in-between the electrodes that is initially electrothermally crystallized. 26 In order to allow high recording speeds and also to lower the electrothermal effects causing cell damage by continuous current flow, we examined PDR switching with dc voltage pulses. Switching pulses ͑of positive or negative polarity͒ were injected from the top-electrode while the bottomelectrode was grounded. Negative voltage pulses led the cell to HRS, whereas the positive pulses to LRS ͓see Fig. 1͑c͔͒ . The resistance state of the cell was measured using a read pulse ͑0.1 V, 20 ms͒ of either polarity having a much lower voltage than the switching pulses.
Compared to switching with continuous dc voltages ͓Fig. 1͑b͔͒, the threshold voltage for switching in pulse-mode is higher but the cyclability is significantly improved. For example, in Fig. 1͑c͒ the switching ͑with voltage pulses of 1.0 V and 250 s͒ is demonstrated for at least 400 cycles with HRS-LRS contrast of ϳ150%. In many experiments with Ag top-electrodes, the cell resistance switched between ϳ50 and 100 ⍀ and the cell resistivities were measured to be ϳ1 and 2 k⍀ m, respectively.
Furthermore, cells with Al top-electrodes were used to investigate switching at micron scales ͓Fig. 2͑a͔͒. A typical I-V characteristic demonstrating PDR switching of this cell type is shown in Fig. 2͑b͒ . Switching from HRS to LRS and LRS to HRS occurred at about +0.8 and Ϫ0.75 V, respectively. In contrast to the cells with Ag top-electrodes, the LRS now deviates from Ohmic behavior. Although the reason for the deviation is not fully understood, it is expected to be related with a Schottky-type barrier formation at the topelectrode/GST interface. The interface properties ͑varying with the electrode material type͒ could influence the barrier properties. The pulse-mode operation of the cell with 1.5 V and 250 s pulses is shown in Fig. 2͑c͒ . The switching between the two resistance states ͑LRS of ϳ20 k⍀ and HRS of ϳ40 k⍀͒ with a resistance contrast of ϳ100% was stable for more than 100 cycles. The cell resistivity values at LRS and HRS with Al top-electrode were comparable to those of the cell with Ag top-electrode ͑i.e., ϳ1 k⍀ m at LRS and ϳ2 k⍀ m at HRS͒.
The present results from capacitorlike cells and those with conductive-AFM ͑C-AFM͒ ͑Refs. 26 and 27͒ indicate that PDR switching does not depend critically on the electrode material. The resistance contrast between LRS and HRS measured by C-AFM was as high as three orders of magnitude, 26, 27 and thus much higher than that measured with the capacitorlike cells. The LRS resistivity of cells formed with the C-AFM is comparable with that of the capacitorlike cells. However, the HRS resistivity for the cells formed with C-AFM was much higher than that of the capacitorlike cells. Indeed, large-sized electrodes can in general be associated with a kind of local short-circuits ͑leakage flows͒ leading to loss of the resistance contrast due to a lower HRS. The existence of PDR switching irrespective of the electrode material type indicates that the switching is an intrinsic property of the Ge 2 Sb 2+x Te 5 film. A detailed mechanism based on formation and rupture of conductive Sbfilaments bridging the crystallites and both electrodes was suggested in Ref. 26. In order to reveal the importance of excess-Sb in PDR switching, capacitorlike cells with stoichiometric Ge 2 Sb 2 Te 5 films ͑where Sb-bridging is not likely͒ and Ag top-electrodes were investigated. Structure and dimension of the cells were similar to the one shown in Fig. 1͑a͒ . Similarly with the Sb-excess GST film, the volume underneath the topelectrode was electrically crystallized with a continuous-dc voltage prior to PDR switching experiments. An I-V characteristic is shown in Fig. 3͑a͒ and it does not show any resistance switching. The cell current increases linearly with the applied voltage in both positive and negative directions, meaning that the cell resistance is independent of the voltage polarity. In contrast to the previous observation with the Sbexcess GST specimen, the threshold-point in the applied voltage supposed to appear at ϳ0.5 V is not detected ͓com-paring Figs. 1͑b͒ and 3͑a͔͒, i. e., the cell remains in one single resistance state ͑LRS͒ and fails to show PDR switching.
Moreover, pulse-mode PDR switching was examined with dc voltage pulses of various amplitudes ͑Ն1 V͒ and widths ͑Ն1 s͒ as it is shown in Figs. 3͑b͒ and 3͑c͒ . Application of the switching pulses ͑sufficiently long to trigger if possible switching͒ with positive and negative polarity from the top-electrode for more than 100 cycles did not result in any PDR switching. The cell remained in a single resistance state as it responded previously for the continuous dc voltages ͓cf. Fig. 3͑a͔͒ . Prolonged and repetitive application of the voltage pulses across a single cell eventually leads to fluctuations in the cell resistance, as shown in Fig. 3͑d͒ , due to the possible electrothermal effects including damage/ degradation like segregation or phase-separation 28 of the GST layer.
In conclusion, PDR switching experiments with stoichiometric Ge 2 Sb 2 Te 5 films, as compared to those with Sbexcess Ge 2 Sb 2+x Te 5 films, prove that the excess Sb-content in the films is crucial for PDR switching. Therefore, the switching between LRS and HRS can be attributed to the formation and rupture of electrically conductive Sb-bridges between the Ge 2 Sb 2 Te 5 nanocrystals and the electrodes through a resistive amorphous phase. The coexistence of the two types of resistance switching mechanisms, i.e., phasechange and polarity-dependent, in a single dedicated phasechange material can expand the applicability of GST films in future data storage systems.
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